Introduction
Chronic myelogenous leukemia (CML) constitutes a model disease for biology, novel treatment approaches and therapy surveillance of neoplastic disorders. More than 95% of cases are characterized by a typical genetic aberration, the translocation t(9;22)(q34;q11), with its molecular consequences -the BCR-ABL fusion gene, mRNA, and protein. 1, 2 This biological background provided the basis for the development of novel methods of therapy surveillance and their clinical translation: banding cytogenetics in the 1970s, 3 Southern blot analysis in the 1980s, [4] [5] [6] and reverse transcriptase-polymerase chain reaction (RT-PCR) in the 1990s. [7] [8] [9] Owing to the limited value of qualitative PCR for therapy monitoring, quantitative PCR assays were developed. [10] [11] [12] Most recently, the advent of real-time methods simplified the procedure and permitted clinical routine use. [13] [14] [15] [16] The introduction of the selective tyrosine kinase inhibitor imatinib (STI571, Glivec s ) in the treatment of CML rapidly revealed the need for a standardized sensitive method to measure response. Complete cytogenetic remission (CCR) was achieved in 41-45% of chronic-phase patients pretreated with interferon alpha (IFN a) 17, 18 and 74% of newly diagnosed patients 19 within the first 18 months on treatment. However, due to the limited sensitivity of cytogenetics, levels of residual disease may vary by several orders of magnitude even in these good responders.
We investigated molecular response of patients enrolled into the International Randomized Study of Interferon and STI571 (IRIS study) in 17 German centers. Residual BCR-ABL transcript levels in CML patients in early chronic phase on drug treatment were monitored, independent of the cytogenetic response status. The aim of this study was to determine (i) quantitative levels of residual disease in comparison to cytogenetic response; (ii) the optimum reference gene to calculate response levels; (iii) the dynamics of response during imatinib vs IFN/cytarabine (Ara-C) therapy and after crossover from IFN/Ara-C to imatinib; (iv) molecular response patterns within prognostic risk groups and according to BCR-ABL transcript types; (v) cytogenetic response in relation to pretherapeutic transcript levels; and (vi) risk of relapse according to best molecular response.
Patients, materials and methods

Patients and therapy
A total of 139 patients (79 male, 60 female; median age 51 years, range 20-71) with newly diagnosed BCR-ABL-positive CML in chronic phase were studied prospectively. Patients were recruited into the multicenter phase III trial 0106 (IRIS study) between June 2000 and January 2001 19 in Germany and comprise 12.6% of all patients treated in this study (n ¼ 1106). Primary aim of the randomized study was to compare the efficacy of imatinib with that of IFN combined with low-dose Ara-C with regard to hematological and cytogenetic response and progression-free survival.
A molecular substudy was set up in Germany on the basis of a protocol amendment, aiming to determine the dynamics of BCR-ABL mRNA expression in the newly diagnosed CML patients treated with imatinib or IFN/Ara-C. After written informed consent, patients were randomized to primary therapy with imatinib (n ¼ 69) or IFN/Ara-C (n ¼ 70). Risk distribution according to the prognostic scores was not different between treatment groups: Hasford score: 20 43 vs 40% low-risk patients; Sokal score: 21 43 vs 42% low-risk patients in the imatinib and IFN/Ara-C groups, respectively. Patients in the imatinib group received 400 mg orally daily. Patients assigned to IFN/Ara-C received gradually escalating doses of IFN with a target dose of 5 million U/m 2 daily. After reaching the maximal tolerated dose of IFN, Ara-C was added s.c. at a dose of 20 mg/m 2 (maximal daily dose 40 mg) daily for 10 days every month. The concurrent administration of hydroxyurea in either treatment group was permitted during the first 6 months. 19 According to the protocol and with permission of the study management committee, 36 patients discontinued IFN/Ara-C treatment on the basis of lack of response or severe intolerance and switched to imatinib therapy.
Cytogenetic analysis
Cytogenetic analyses were performed on BM aspirates (n ¼ 803, 0-10 per patient, median 6) according to standard protocols. Metaphases from direct and/or short-term (24 h) cultures were examined after Giemsa banding. Cytogenetic data were obtained in the imatinib arm, n ¼ 436; the IFN/Ara-C arm, n ¼ 248; and after crossover from IFN/Ara-C to imatinib, n ¼ 119. Cytogenetic response was categorized as complete (CCR, 0% Ph þ metaphases), partial (PR, 1-34%), minor (MR, 35-95%), or nonresponse (NR, 96-100%). For comparison with molecular data, only results derived from at least 20 metaphases were considered. 22 
Sample collection and processing
Peripheral blood (PB) samples for molecular analysis were centrally collected prior to therapy, and after 1, 2, and 3 months and at three-monthly intervals thereafter and were received either locally or by mail and spent 24-48 h in transit. Previous studies demonstrated that PB can be used instead of BM monitoring the tumor load in chronic-phase CML. 11, 23, 24 Total white blood cells were isolated from 20 ml of PB by hypotonic red cell lysis, washed and transferred into a guanidinium isothiocyanate-containing buffer. RNA was extracted by commercially available kits (RNeasy, Qiagen, Hilden, Germany) or by CsCl gradient centrifugation. cDNA synthesis was performed using random hexamer primers and MMLV reverse transcriptase (Invitrogen, Karlsruhe, Germany). Conditions for RNA extraction and reverse transcription have been described. 25 cDNAs were stored at À201C.
Multiplex PCR
Prior to therapy, the leading BCR-ABL transcript was determined in 135 cases by multiplex PCR using three BCR-and one ABL primers as described. 26 cDNAs derived from K562 (b3a2 BCR-ABL) and BV173 (b2a2 BCR-ABL) cell lines were amplified in parallel and served as controls. Rare BCR-ABL fusion variants were confirmed by direct sequencing.
Quantitative real-time RT-PCR
In all samples, quantitative real-time polymerase chain reaction (RQ-PCR) for BCR-ABL mRNA transcripts was performed (n ¼ 1117, 0-16 per patient, median 9), independent of the cytogenetic response status. Samples were analyzed to monitor imatinib (n ¼ 569), or IFN/Ara-C therapy (n ¼ 394), and after crossover from IFN/Ara-C to imatinib (n ¼ 154).
Real-time PCR was carried out using the LightCycler technology (Roche Diagnostics, Mannheim, Germany). Conditions for amplification, hybridization, and fluorescence detection have been described. 14 The number of total ABL and glucose-6-phosphate dehydrogenase (G6PD) transcripts were determined as internal standards in all samples in order to adjust for different qualities of RNA and cDNA and to exclude negative results derived from samples of poor quality. The final results were calculated as the ratios BCR-ABL/ABL and BCR-ABL/G6PD and expressed in percent.
Qualitative nested and quantitative competitive PCR
Since dilutions of CP CML cells in normal PB cells revealed a higher sensitivity of nested PCR (10 À6 ) vs real-time PCR (10 À5 ), 14 samples negative by real-time PCR were examined by qualitative 'nested' PCR for BCR-ABL transcripts. 25 BCR-ABL was considered 'undetectable' in case of three negative PCR tests to control for sampling effects 27 and an adequate number of ABL transcripts documenting the good quality of the sample. The lab-specific cutoff point for appropriate sample quality was 5 Â 10 4 ABL transcripts/5 ml cDNA. 23 In samples positive by nested PCR and negative by real-time PCR, a quantitative competitive PCR titration assay was performed 10 using a semilogarithmic dilution series of 10 1 -10 4.5 competitor molecules added to the same volume of patients' cDNA. The equivalence point between different competitor concentrations was determined by densitometric analysis.
11,12
Mutation analysis
Patients with confirmed relapse after CCR were investigated for mutations of the BCR-ABL tyrosine kinase domain by PCR amplification and direct sequencing as described previously. 28 
Statistical methods
PCR results were expressed as the ratios between BCR-ABL and total ABL and between BCR-ABL and G6PD transcripts, expressed as percentage. Correlation coefficients and P-values were calculated according to Spearman's rank test. Comparison of molecular results and cytogenetic response groups were performed using the w 2 test, and the nonparametric KruskalWallis and Mann-Whitney tests. Overall cytogenetic and molecular responses were calculated on the basis of all patients recruited into the study, response at specific time points refers to the number of samples analyzed at this time points. All tests were calculated using the GraphPad Prism software (GraphPad Software, Inc., San Diego, CA, USA).
Results
Cytogenetic analysis
Cytogenetic response was determined in 67/69 patients after a median interval of imatinib therapy of 24 months (range 1-30). CCR was achieved in 60 (87.0%), PR in three (4.3%), and MR in four patients (5.8%). In the IFN/Ara-C group, cytogenetic response was determined after a median observation time of 18 months (range 1-30) and revealed CCR in 10 (14.3%), PR in 13 (18.6%), MR in 19 (27.1%), and no response in 19 patients (27.1%). After a median time of IFN/Ara-C treatment of 7.5 months (range 1.6-27), 36 patients crossed over to imatinib therapy and were followed over a median observation time of 13 months (range 0-25). Cytogenetic response to second-line imatinib therapy was CCR in 28 (77.7%), PR in two (5.6%), MR in three (8.3%), and NR in two patients (5.6%) ( Table 1) .
Qualitative determination of the BCR-ABL fusion
Qualitative multiplex RT-PCR was performed prior to therapy in 135 patients and showed 56 patients with b2a2 (41.5%), 55 with b3a2 (40.7%), 22 with b3a2 and b2a2 (16.3%), and one each with b3a3 (0.7%) and e19a2 (0.7%) BCR-ABL transcripts. There was no significant difference in the distribution of the transcript types between the treatment arms.
Quantification of BCR-ABL compared to cytogenetics
Ratios BCR-ABL/ABL derived from RQ-PCR of PB samples were compared to contemporaneously performed cytogenetic analyses from BM metaphases. In imatinib-treated patients, median ratios BCR-ABL/ABL prior to therapy were 51% (range 1.1-210, n ¼ 98), after CCR 0.067% (range 0-5.7%, n ¼ 85), in PR 1.4% (range 0.18-11%, n ¼ 5), in MR 27% (range 6.1-69%, n ¼ 7), and in NR 42% (range 38-45%, n ¼ 2) (Figure 1 ).
Cytogenetic response to imatinib (complete, partial, or minor/ none) was compared with molecular response by introducing cutoff points in the BCR-ABL/ABL and BCR-ABL/G6PD ratios. For the ratio BCR-ABL/ABL, the optimum cutoff points described after IFN therapy 11 of 2 and 14% were used (ie, a ratio o2% was compared with CCR, between 2 and 14% with PR, and 414% with minor and nonresponders). For the ratio BCR-ABL/ G6PD, optimum cutoff points of 0.13 and 1% were empirically established, the ratio BCR-ABL/G6PD o0.13% was correlated to CCR, 0.13-1% to PR, and 41% to minor and NR. For the ratio BCR-ABL/ABL, 173/236 samples (73%), for the ratio BCR-ABL/G6PD, 163/236 samples (69%) were concordant between the two methods (w 2 test Po0.0001, Table 2 ).
Quantification of control gene mRNA expression
In all samples, total ABL and G6PD transcripts were quantified as internal controls. Ratios BCR-ABL/ABL and BCR-ABL/G6PD correlated well (r ¼ 0.82, Po0.0001). However, in samples with low level of residual disease (BCR-ABL/ABL ratio o1.0%), the median ratio G6PD/ABL in the individual sample was 5.8 with a wide range of 0.03-200.
Prediction of response to imatinib
Ratios BCR-ABL/G6PD prior to imatinib therapy were compared from patients who consecutively reached CCR within 12 months (n ¼ 45, median 2.7%, range 0.076-27) with patients lacking CCR (n ¼ 17, median 1.0%, range 0.30-8.8, NS). The response to imatinib was independent from the level of BCR-ABL transcripts prior to therapy. Further, there was no difference between initial BCR-ABL/G6PD ratios in patients with CCR on IFN/Ara-C therapy (n ¼ 5, median 3.9%, range 0.34-7.6) compared to patients without CCR (n ¼ 22, median 2.9%, range 0.71-80, NS). After 2 months of imatinib therapy, there was a trend to predict CCR within 12 months using both the ratio BCR-ABL/ ABL (P ¼ 0.084) and BCR-ABL/G6PD (P ¼ 0.19), but after 3 months of treatment, CCR within the first year could be predicted using the ratio BCR-ABL/ABL (P ¼ 0.0026) or BCR-ABL/G6PD (P ¼ 0.0074) ( Table 3) . Empirically derived statistical cutoff points for best prediction of CCR after 12 months were a Table 1 Best cytogenetic response during therapy with imatinib (n ¼ 69), IFN/Ara-C (n ¼ 70), and after crossover from IFN/Ara-C to imatinib (n ¼ 36) 
Figure 1
Comparison of ratios BCR-ABL/ABL determined by RQ-PCR and cytogenetic response groups. The differences between the cytogenetic response groups are significant (Po0.0001). (CRcomplete, PR -partial, MR -minor, NR -no cytogenetic remission).
ratio BCR-ABL/ABL of 10% with a positive predictive value of 71% and a negative predictive value of 82% and a reduction of the ratio BCR-ABL/G6PD of 0.3 log after 3 months with a positive predictive value of 76% and a negative predictive value of 80%, respectively.
The treatment response was not different according to the type of transcripts as determined by the CCR rate and the proportion of patients achieving ratios BCR-ABL/ABL o0.1%. One patient with a rare b3a3 BCR-ABL transcript achieved PCR negativity after crossover to imatinib therapy. Another patient with the rare e19a2 BCR-ABL transcript reached only MR to imatinib therapy. Three patients with undetectable BCR-ABL after imatinib therapy carried b3a2 BCR-ABL transcripts.
Sensitivity of the methods
On imatinib therapy, 60 patients were negative by cytogenetics, 23 by RQ-PCR, and three by nested PCR. On IFN/Ara-C, 10 patients were negative by cytogenetics, all of them revealed residual disease by RQ-PCR. After crossover from IFN/Ara-C to imatinib, 29 patients were negative by cytogenetics, six by RQ-PCR, and one patient by nested PCR. Thus, BCR-ABL was undetectable in four patients (Table 4 ).
In 39 samples with negative RQ-PCR results, nested competitive PCR was employed to quantify low levels of residual disease. In all, 28/33 samples from patients on primary imatinib therapy, 4/4 samples from patients on IFN/Ara-C therapy, and 2/2 samples from patients after crossover from IFN/Ara-C therapy were positive by competitive PCR and revealed a ratio BCR-ABL/ABL which was used for further calculations. Nested competitive PCR showed a median of 34 (range 0-380) BCR-ABL transcripts/2.5 ml cDNA and 80 000 (range 14 000-320 000) ABL transcripts/2.5 ml cDNA, resulting in a median ratio BCR-ABL/ABL of 0.046% (range 0-0.76).
Response dynamics during therapy
For all samples analyzed, there was a gradual reduction of the residual disease within 24 months of imatinib therapy (median 3.1 log), IFN/Ara-C (median 1.6 log), and imatinib after IFN/Ara-C (median 2.3 log) considering the ratios BCR-ABL/ABL (Figure 2 ). Using the independent control gene G6PD, the ratios BCR-ABL/G6PD showed a higher degree of heterogeneity at each time point as compared to the standardization to total ABL transcripts. Figure 3 illustrates the molecular response levels according to therapy and treatment interval. In imatinib-treated patients, a Table 2 Comparison of cytogenetic and molecular response status in imatinib-treated patients on the basis of simultaneously analyzed BM and PB sample pairs (n ¼ 236 
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In 23 patients on first-line imatinib therapy and six patients on imatinib therapy after crossover from IFN/Ara-C, real-time RT-PCR was negative. However, in 20 and five patients, respectively, nested PCR revealed residual BCR-ABL transcripts.
reduction of the ratio BCR-ABL/ABL by at least three orders of magnitude was achieved in 33/69 patients (47.8%), a ratio BCR-ABL/ABL o0.1% in 39/69 patients (56.5%) (Figure 3a) . In contrast, a 43-log reduction was achieved in 3/70 (4.3%) of IFN/Ara-C-treated patients with a ratio BCR-ABL/ABL o0.1% in 4/70 (5.7%) patients (Figure 3b ). Second-line imatinib therapy showed a similar pattern as primary imatinib and led to a 43-log reduction of the ratio BCR-ABL/ABL in 7/36 patients (19.4%) and to a ratio BCR-ABL/ABL o0.1% in 10/36 patients (27.8%). Figure 4 ). Further, median molecular response was not different at all time points after start of imatinib therapy according to Hasford-risk groups.
Molecular response according to prognostic risk at diagnosis
Figure 2
Relative change of the ratios BCR-ABL/ABL after first CCR in patients on primary imatinib therapy (a); primary IFN/Ara-C therapy (b), and after crossover from IFN-Ara-C to imatinib (c). There is a gradual decrease of the median level of residual disease in all groups of patients.
Figure 3
Histograms illustrating the proportion of patients reaching different levels of residual disease within 21 months after start of therapy with imatinib (a) and IFN/Ara-C (b). The columns represent the best response within the total observation time.
Minimal residual disease levels after achieving CCR
Ratios BCR-ABL/ABL at the time of first CCR were not different in patients on imatinib and IFN/Ara-C therapy (median 0.51 vs 0.80%, NS). There was a gradual decrease of residual disease levels after CCR in imatinib-treated patients with median BCR-ABL/ABL ratios of 0.26% after 3, 0.16% after 6, 0.093% after 9, 0.048% after 12, 0.058% after 15, 0.033% after 18, 0.026% after 21, 0.030% after 24, and 0.020% after 27 months (Po0.0001, Figure 5 ). Referring to the ratio BCR-ABL/ABL at first CCR, levels of residual disease in imatinib-treated patients declined faster within the first 12 months (D of the median ratio BCR-ABL/ABL -0.77 log, n ¼ 48) as compared to patients on IFN/Ara-C (D of the median ratio -0.47 log, n ¼ 9, P ¼ 0.025). The decline of residual disease levels in CCR after crossover from IFN/Ara-C to imatinib (À0.74 log, n ¼ 14) was faster than that in CCR on IFN/Ara-C (but NS) and comparable to the decline on primary imatinib therapy (NS).
Undetectable BCR-ABL
In four of 139 patients studied (2.9%), residual disease levels declined below the detection limit of all methods used. In total, seven samples were tested negative. The number of ABL transcripts/5 ml cDNA in these samples was median 1. ). Three patients were on primary imatinib therapy, one on imatinib after IFN/Ara-C intolerance. CCR was achieved after 3 (n ¼ 3) or 6 months (n ¼ 1) of imatinib therapy: Patient 1 (male, 62 years old) reached PCR negativity after 18 months of imatinib therapy. Patient 2 (male, 68 years old) was tested PCR negative after 21 months, but a follow up test after 29 months revealed a low level of BCR-ABL transcripts. In patient 3 (male, 51 years old), PCR negativity was reached after 24 months of imatinib therapy and confirmed at month 30. Patient 4 (male, 49 years old) was primarily treated with IFN/ Ara-C and crossed over to imatinib due to severe adverse events and loss of hematologic remission after 7 months. Undetectable BCR-ABL levels were reached after 8 months of imatinib therapy (month 15 of treatment in study), this status was confirmed at months 21 and 28 ( Figure 6 ).
Cytogenetic relapse
Of 60 patients, 16 (26.7%) experienced reoccurrence of Ph þ metaphases (median 8%, range 3-100) after a median of 6 months (range 3-21) following CCR on primary treatment with imatinib. In three of those 16 patients, cytogenetic relapse was sustained while 13 patients regained CCR during further follow up continuing imatinib therapy. One patient (male, 64 years old, high risk according to the Hasford score) who had reached CCR after 9 months of imatinib therapy gradually relapsed with 3% Ph þ metaphases after 12 months to 79% Ph þ metaphases after 18 months accompanied by clonal evolution (tetrasomy 8, þ 17, þ Y). An escalation of the imatinib dosage to 800 mg/day Best molecular response to imatinib was not different in the three risk groups according to the Hasford (a) and Sokal (b) scores.
Figure 5
Dynamics of BCR-ABL/ABL ratios in imatinib-treated patients after achieving CCR. There was a gradual decrease of the median BCR-ABL transcripts.
Figure 6
Gradual decrease of the ratio BCR-ABL/ABL in whom BCR-ABL transcripts became undetectable. Patients 1-3 were primarily treated with imatinib, patient 4 was intolerant to IFN/Ara-C and crossed over to imatinib at month 7. resulted in an improvement of cytogenetic response to 7% Ph positivity. The second patient (male, 43 years old) with CCR after 12 months showed 14% Ph þ metaphases after 15 months and 100% Ph þ metaphases after 24 months. The third patient (male, 22 years old, low risk) achieved CCR after 3 months and showed 5% Ph þ metaphases at month 18 and 45% at month 24. At the time of CCR, best response in patients who subsequently relapsed was 0.24% (n ¼ 3, range 0.15-3.1) as compared to 0.029% in patients with continuous remission (n ¼ 52, range 0-1.1, P ¼ 0.028). Five additional patients lack cytogenetic follow-up results after first CCR. In all, 3/28 patients with best ratios BCR-ABL/ABL 40.1% have relapsed in contrast to 0/37 patients with a best ratio BCR-ABL/ABL o0.1%. One of the 28 patients with CCR after crossover to imatinib has relapsed. CCR was achieved after 5 months of imatinib therapy with a best ratio BCR-ABL/ABL of 2.5%. He showed 36% Ph þ at month 14 and 96% Ph þ at month 18. Three of four patients with confirmed cytogenetic relapse after CCR were investigated for mutations of the BCR-ABL tyrosine kinase domain, but all revealed the wild-type sequence between exons 4 and 7 of the ABL part of the fusion gene.
Discussion
Based on the high hematologic and cytogenetic response rate with imatinib monotherapy, molecular response has been accepted as a major end point for new studies. Several prospective clinical trials are conducted to investigate imatinib in different dosages or in combination with other antileukemic therapies in order to optimize the way to use imatinib in the treatment of CML. 29 The comparison of molecular responses after novel treatment strategies requires a standardized approach to measure and calculate residual disease levels and an idea as to which responses are expected with current imatinib monotherapy as reference level.
We therefore analyzed molecular responses in 139 patients treated in 17 German institutions within the IRIS study. In contrast to the international PCR studies, analyses were performed on all patients in study, independent of their cytogenetic response and even after crossover to the alternative therapy. Blood processing and PCR analyses were performed in a central laboratory according to standardized protocols. The patients investigated here represent a cohort (12.6%) of the IRIS Study population (n ¼ 1106) with identical median age (51 years), but with a less favorable risk profile than in the total study (Hasford score: low risk 40.7 vs 45.1%; Sokal score: low risk 43.8 vs 50.3%). Response to imatinib was determined after a median treatment interval of 24 months as compared to 19 months of the total study. 19 As a consequence, CCR rate was higher after imatinib therapy with 87.0 vs 73.8%, after IFN/Ara-C with 14.3 vs 8.5%, and after crossover from IFN/Ara-C to imatinib with 77.7 vs 39.6% in this study.
Molecular responses were measured by RQ-PCR. At the time of first CCR, ratios BCR-ABL/ABL were not different within the treatment groups. However, the speed of response before and after CCR was significantly different. In the first year after CCR, median levels of minimal residual disease decreased by 0.77 log on imatinib vs 0.47 log on IFN/Ara-C. This is comparable to data reported by other groups (Branford et al, Blood 2002; 100 (Suppl. 1): 96a, abstract) and confirms data from a previous study demonstrating a reduction by 0.53 log after 1 year, and 1.36 log after 5 years of IFN therapy. 12 Although the most significant decline of residual disease on imatinib happened within the first 3 months of therapy (median reduction by 1.0 log), levels continued to decrease up to 24 months (median reduction by 3.1 log) (Figure 2a) .
Quantitative PCR data on imatinib therapy parallel cytogenetic response. However, there is a significant overlap of individual molecular data between the cytogenetic response groups, partly caused by the statistical uncertainty with conventional cytogenetics. 30 However, the optimum cutoff points for molecular response are identical to those derived from IFN therapy:
11 CCR matches ratios BCR-ABL/ABL of o2%, PR between 2 and 14%, and MR and NR 414%. New cutoff points were calculated for ratios BCR-ABL/G6PD with o0.13% for CCR, 0.13-1% for PR, and 41% for MR and NR.
Several parameters were investigated for predictability of cytogenetic and molecular response. BCR-ABL transcript type, prognostic risk groups, and pretherapeutic levels of BCR-ABL transcripts were not predictive for cytogenetic and molecular response on imatinib therapy within the treatment interval analyzed. In contrast, an association of clinical risk status and cytogenetic response has been observed in a study combining imatinib with pegylated IFN a 2b. 31 The earliest time point demonstrating a significant difference of transcript levels between patients reaching CCR and not after 1 year of therapy was 3 months. This result supplements data of chronic-phase CML patients intolerant or resistant to IFN. In this group of patients, CCR at 6 months was predicted by RQ-PCR after 2 months of imatinib treatment. 32 Within the observation time of median 24 months, three patients relapsed after CCR. Thus, there is limited information on the predictive value of residual disease levels for long-term response. However, all patients who consecutively relapsed had at that time CCR ratios BCR-ABL/ABL of 40.1%. Ratios BCR-ABL/ABL o0.1% were achieved in 39/69 patients (56.5%) on first-line and in 10/69 patients (27.8%) on second-line imatinib therapy. Longer follow up will certainly reduce the level of residual disease that can be used as a landmark associated with long-term remission. After a median treatment duration of 4 years with IFN, ratios BCR-ABL/ABL of o0.045% have been associated with long-term event-free survival and low relapse rates. 12, 29 More recently, we found in a longitudinal study on chronic-phase CML patients treated with imatinib after IFN failure, ratios BCR-ABL/ABL o0.1% being associated with continuous CCR. 23 The question of how to express response data (absolute vs relative results) is still conflicting. It has been suggested for minimal residual disease monitoring in general that kinetics of response to therapy could be more important than absolute data at a single time point. 33 Therefore, as a relative measure, the proportion of patients achieving a reduction of residual disease by at least three orders of magnitude was determined. A 43-log reduction of BCR-ABL transcript levels was achieved after 12 months in 27.6% of patients on imatinib therapy. The rate of 43-log reduction was lower in this unselected group of patients than in PCR data from the total study, concentrating on CCR patients only (39%, Hughes et al, Blood 2002, 100 (Suppl. 1): 93a-94a, abstract). However, the overall rate of a 43-log reduction after a median observation time of 2 years was 56.5 vs 5.7% on IFN/Ara-C. The disadvantage of using relative changes is the requirement of pretherapeutic data as point of reference.
Using strict criteria for the definition of undetectable BCR-ABL, PCR negativity was observed in only three patients on firstline and one patient on second-line imatinib therapy. Criteria included a negative RQ-PCR, three negative nested PCRs, and a level of ABL transcripts 45 Â 10 4 /5 ml cDNA. However, as with cytogenetic remission, the correlation of RT-PCR negativity with durability of remission, although likely, remains to be proven. 34 Residual disease may represent a clone with additional molecular abnormalities that mediate resistance. Another possibility is that quiescent stem cells may be insensitive to imatinib. 35 Inhibition of BCR-ABL tyrosine kinase activity by imatinib does not eliminate malignant primitive progenitors in CML patients. 36 Alternatively, different stages of the hematopoietic stem cell development could be involved in the initial pathogenesis of CML. If the stem cells have differential sensitivity to imatinib, this may explain the variability in cytogenetic and molecular responses. 37 The data reported by several groups on BCR-ABL monitoring after imatinib therapy in CML are heterogeneous. The differences might be explained by the methodological variability between centers. The differences relate to the rate of patients with undetectable BCR-ABL, early predictability of response, and the use of PB vs BM. 23, 32, [38] [39] [40] Until recently, the use of quantitative RT-PCR data for therapeutic decisions in CML was not accepted on a general basis. 41 However, the clinical impact of quantitative PCR data has been clearly demonstrated by systematic studies performed in specialized laboratories after allogeneic stem cell transplantation 10, 42 and after IFN therapy. 12, 43 The clinical need for molecular end points has become even more compelling with the introduction of imatinib in the therapy of CML. Again, certain degrees of molecular response may become useful surrogate markers for predicting outcome and will gain power with longer follow-up times.
We conclude that (i) because of the high cytogenetic complete response rate observed with imatinib, the appropriate measure for response in CML has now become molecular remission using PCR detection of residual BCR-ABL transcripts; (ii) treatment with imatinib in newly diagnosed CML patients is associated with a rapid decrease of BCR-ABL transcript levels; (iii) nested PCR may reveal residual BCR-ABL transcripts in samples which are negative by real-time PCR; (iv) BCR-ABL transcript levels correlate with cytogenetic response, and (v) imatinib is superior to IFN/Ara-C in terms of speed and degree of molecular responses, but residual disease is rarely eliminated.
